82 stains metabolizing aniline through the pathway of <?r//j6>-cleavage were also isolated from the same screening sources. The findings indicate that about 8% of aniline-assimilating organisms metabolize aniline through the pathway of meta-cleavage. From the these results, it was concluded that microorganisms with the raeta-cleavage pathway participate in purified the catechol 2,3-dioxygenase from a cell-free extract of benzoate-grown Pseudomonas putida (arvilla) mt-2 and have reported the role of iron and sulfhydryl groups in the enzyme, and the substrate specificity associated with its catalytic activity.
However, catechol 2,3-dioxygenases from bacterial strains except P. putida mt-2 have not been purified. In addition, most of the catechol 2,3-dioxygenases reported were from strains that grew on benzoate, toluene, or xylene; a catechol 2,3-dioxygenase from an anilineassimilating strain has not been described. On the other had, the catechol 1,2-dioxygenases (EC 1.13.ll. Frateuria sp. ANA-18, have been purified by us, and molecular and catalytic properties of these enzymes have been reported.9'10) Wethus attempted to purify and characterize the catechol 2,3-dioxygenase produced by an aniline-assimilating bacterium, Pseudomonas sp. FK-8-2,3) that metabolized aniline through the pathway of meta-cleavage. This enzyme was stable in cell-free preparations containing 5% (v/v) acetone, and the purified enzyme was obtained with the high recovery of 95%.
Materials and Methods
Chemicals. The chemicals used in this work were as follows: Polypepton, meat extract, and yeast extract were from Nihon Seiyaku, Osaka; catechol, pyrogallol, and Strain and medium. Pseudomonas sp. FK-8-2, isolated from soil and grown on aniline as a sole carbon and nitrogen source, was used in this experiment. It grew well on aniline at pH 7.0. Therefore, the medium for the organism was prepared by the method described in our previous paper,11} with modifications: KH2PO4 was removed from solution A, the pH of which was adjusted to 7.0; and in solution C, 1.2g ofK2HPO4was replaced by 5.3g ofK2HPO4 to adjust the pH to 7.0.
Enzyme assay. The activity of catechol 2,3-dioxygenase was measuredspectrophotometrically by the increase in absorbance at 375 nm.12) The reaction mixture contained 1.5ml of0.1 MTris-HCl (pH 8.0), 0.1 ml of0.01 mcatechol solution, and 1.3 ml of water. The reaction was started at 24°C by adding 0.1 ml ofenzyme solution. Absorbance at 375nm after incubation of 15 and 45sec was read, and then the difference of the absorbance was calculated. The value of44,000 was used as the molar extinction coefficient of 2-hydroxymuconic acid 6-semialdehyde, a product of the enzyme reaction.12) One unit of enzyme activity was defined as the amount of the enzyme that formed 1 /miol of the product per min. Specific activity was defined as Enzyme production. Pseudomonas sp. FK-8-2 was precultured in 6.7ml of the medium described above at 30°C with shaking, and then transferred to 67ml of the medium in a 500-ml flask. The bacterium was cultured at 30°C on the shaker. To the medium were added five kinds of additional carbon and nitrogen sources, 4.2g/1 of glucose, 9.4 g/1 of sodium succinate (hexahydrate), or 5 g/1 of Polypeptone, meat extract, or yeast extract, to increase cell growth and enzyme production. At various times, a whole sample of the flask was taken, and the growth was measured by monitoring turbidity at 660 nm. This sample was then centrifuged at 10,000 x g for 15min. The aniline remaining in the supernatant was measured.14) The precipitated cells were washed twice with 0.05m potassium-sodium phosphate buffer (pH 7.5). The washed cells were suspended in the buffer used for washing, and then disrupted with a Kubota 200M ultrasonic oscillator at 180 Wfor 5 min. Intactcells and cell debris were removed by centrifugation at 20,000 x g for 10min. The cell-free extract was obtained in the supernatant and assayed for catechol 2,3-dioxygenase activity.
Induction of catechol 2,3-diaxygenase. Pseudomonas sp. FK-8-2 was precultured in 18ml of nutrient medium at 30°C for 8hr, transferred to 400ml of the medium in a 3-liter flask, and then cultured at 30°C for 12hr on the shaker. Cells were collected by cengrifugation at 10,000 x g for 15min and washed twice with 0.05m potassium-sodium phosphate buffer (pH 7.5). The washed cells were suspended in 60ml of a buffer consisting of 5.3g of K2HPO4, 0.1g ofMgSO4-7H2O, 10mg of FeCl3-6H2O and CaCl2, and 0.5g ofaniline hydrochloride in 1 liter of water (pH 7.0); turbidity of the cell suspension was adjusted to 3 at 660nm. Another sample of the washed cells was suspended in this buffer containing 5 g/1 of Polypepton. These mixtures were incubated at 30°C with shaking. At various times, a 10-ml sample was taken. Cells were centrifuged at 10,000 x g for 15 min and washed twice with 0.05 m potassium-sodium phosphate buffer (pH 7.5). The washedcells were madeinto cell-free extracts, in which induced catechol 2,3-dioxygenase was assayed.
Purification of enzyme. The catechol 2,3-dioxygenase from Pseudomonas putida mt-2 has been reported to be extremely unstable in the presence of air. However, some organic solvents at a low concentration protect the enzyme from inactivation.6) In this experiment, the effects of additional organic solvents on the stability of the catechol 2,3-dioxygenase from Pseudomonassp. FK-8-2 were examined first. The presence of 5% (v/v) of methanol, ethanol, «-propanol, or acetone stabilized this enzyme; in particular, methanol and acetone almost completely protected the enzyme from inactivation at 4°C. However, isopropanol was not as effective for the stability of this enzyme, and dioxane made it inactive. For these reasons, all purification procedures were done using 0.05m potassium-sodium phosphate buffer (pH 7.5) including 5% (v/v) acetone (buffer A) at 4°C.
Step 1. Cell-free extract. Frozen cells (40 g, wet weight)
were thawed, suspended in 100ml of buffer A, and then disrupted with a Kubota 200Multrasonic oscillator at 180W for 15min in a 30-ml batch. Intact cells and cell debris were removed by centrifugation at 20,000 x g for lOmin. These were suspended again in 100ml of buffer A and sonically treated for 15 min more. The cell-free extract was obtained in the first and second supernatant fluids combined (Fraction 1, 252ml).
Step 2. Streptomycin sulfate treatment. To Fraction 1, 13 .3ml of 20%streptomycin sulfate was added at a final concentration of 1 %with stirring. The solution continued to be stirred for 30min and centrifuged at 10,000 xg for 20 min. The precipitate was discarded (Fraction 2, 263 ml).
Step 3. Ammoniumsulfate fractionation. Fraction 2 was brought to 25%saturation with ammoniumsulfate, and the precipitate was removed by centrifugation at 10,000 x g for 30 min. Ammoniumsulfte was further added to the supernatant to give 40% saturation. The precipitate was collected by centrifugation and dissolved in 50ml of buffer A. The enzyme solution was dialyzed against the same buffer overnight. The dialyzed solution was 59ml (Fraction 3).
Step 4. Acetonefractionation. To Fraction 3, acetone was slowly added to 50%(v/v) with stirring. The mixture was stirred for 15min more, and was centrifuged at 10,000xg for 30min. The precipitate was washed with 20ml of 50% (v/v) acetone and centrifuged. The first and second supernatant fluids were combined. To the solution, acetone was added to 75% (v/v) with stirring. After stirring for 15min, the sample was centrifuged at 10,000 xg for 30min. The precipitate was dissolved in 15ml of buffer A. The solution was dialyzed against 0.05 Mpotassium-sodiumphosphate buffer (pH 6.5) containing 5%(v/v) acetone (buffer B) overnight. The dialyzed solution was 23ml (Fraction 4).
Step 5. Chromatography on DE-52. Fraction 4 was put on a DE-52 column (2.5 x 21 cm) equilibrated with buffer B. The column was washed with 200ml of buffer B. The enzyme were eluted with a linear gradient starting with 750ml of buffer B in the mixing chamber and 750ml of buffer B containing 0.3 m NaCl in the reservoir. Fractions (10ml/tube) were collected at a flow rate of 50ml/hr, and then protein and enzymeactivity were assayed. The highest peak of catechol 2,3-dioxygenase activity was eluted with 0.16m NaCl in buffer B. Active fractions were comined and the enzyme was precipitated by adding ammonium sulfate. The precipitate was collected by centrifugation and dissolved in buffer A (Fraction 5, 10.6ml).
Identification of reaction product. The reaction mixture consisted of 1. Substrate specificity. Enzymatic activities for 3-and 4-substituted catechols, protocatechuic acid, and pyrogallol were assayed spectrophotometrically under the conditions described above using the catechol analogues instead ofcatechol. Molar extinction coefficients of 15,000 at 390 nm for 2-hydroxy-6-oxohepta-2,4-dienoic acid,15) 44,000 at 385 nm for 2-hydroxy-3-fluoro-6-oxohexa-2,4-dienoic acid,16) 39,600 at 379nm for 2-hydroxy-5-chloromuconic acid 6-semialdehyde4) and 28,100 at 382 nm for 2-hydroxy-5-methylmuconic acid 6-semialdehyde1 7) were used. Numerical values of the activities for 3-chlorocatechol, protocatechuic acid, and pyrogallol could not be calculated, because the molar extinction coefficients of products derived from these substrates were not obtained.
Results
Production of catechol 2,3-dioxygenase The growth of Pseudomonas sp. FK-8-2 and the production of catechol 2,3-dioxygenase were examined in the aniline mediumcontaining glucose, succinate, Polypepton, meat extract, or yeast extract. The addition of succinate, Polypepton, meat extract, or yeast extract to this mediummade the lag period for the growth on aniline shorter, and promoted aniline breakdown with an increase in the growth of this organism. However, glucose repressed growth and aniline breakdown by this strain. Of these added substrates, Polypepton most increased the growth and enzyme production in Pseudomonas sp. FK-8-2 ( Fig.   1 ). As the growth of this organism was increased by the addition of Polypepton, the total activity of catechol 2,3-dioxygenase was increased. The specific activity of this enzyme was also increased rather than decreased. The maximal total and specific activities of the enzyme in the presence of Polypepton were 3.1-and 1.7-fold, respectively, of those in the absence of Polypepton.
Induction of enzyme Figure 2 shows that the catechol 2,3-dioxygenase of Pseudomonas sp. FK-8-2 was induced by the incubation with aniline, and its induction was much accelerated in the presence of Polpepton besides aniline. After incubation for one hour with both aniline and Polypepton, the specific activity induced in the cells corresponded to that after a 6-hr incubation with aniline alone; this activity in the presence of both aniline and Polypepton reached the maximumafter 3hr of incubation, and decreased gradually, because of the reduction of aniline in the incubation mixture. Catechol did not induce this enzymein the presence or in the absence of Polypepton (Fig. 2) .
Purification of enzyme
A summaryof the enzyme purification is presented in Table I . The specific activity of the final enzyme preparation was 1 3.7 units/mg with an overall recovery of 95%; it increased to 27-fold of that of the cell-free extract. The purified enzyme showed a single protein band on polyacrylamide and sodium dodecyl sulfate (SDS)-polyacrylamide gels (Fig. 3) .
Reaction product Figure 4 shows the absorption spectra of the reaction product yielded by the enzyme reaction. The maximal absorption peak of the product appeared at 375nmin buffer of pH 7.5. When th pH of buffer varied to the acidic side, the maximal peak was shifted to 320nm. However, in the pH range of 7.5 to 13, the wavelength showing the maximal peak were unchanged. These spectral characteristics of the product were the same as those of 2-hydroxymuconic acid 6-semialdehyde. 1 9)
Stoichiometry of reaction
The stoichiometry of the enzyme reaction was meauredmanometrically and spectrophotometrically. Table II shows that when one micromole of catechol was consumed, a stoichiometric amount of 2-hydroxymuconic acid 6-semialdehyde was produced with the uptake of an equivalent amount of oxygen.
Molecular weight
The molecular weight of catechol 2,3-dioxygenase of Pseudomonas sp. FK-8-2 was calculated to be 120,000 by gel filtration on Toyopearl HW-60 (Fig. 5(A) ). In the presence ofSDS, it was 33,000 ( Fig. 5(B) ). These findings indicate that the enzyme was made up of four identical subunits.
Absorption spectrum
The enzyme did not have any absorption band in the visible range. It had an absorption peak at 280nm and a small shoulder at 290 nm: (A) The purified enzyme (2mg) and markers were placed on the top ofa column (30 x 583mm) ofToyopearl HW-60 super fine, and then eluted with buffer A containing 0.2M NaCl. 1, ovalbumin (molecular weight, 43,000); 2, bovine serum albumin (67,000); 3, aldolase (1 58,000); 4, y-globulin (160,000); 5, catalase (240,000); 6, ferritin (450,000); #, catechol 2,3-dioxygenase (120,000). (B) Electrophoresis was done under the conditions described in Fig. 3 E\0/°m=\2 at 280nm. The E280/E260 ratio of the enzyme was 1.9.
Amino acid composition
The amino acid composition of the catechol 2,3-dioxygenase of Pseudomonas sp. FK-8-2 is listed in Table III , compared with that of the enzyme of P. putida mt-2. The compositions of hydrophobic amino acid residues except leucine, and acid and basic amino acid residues except arginine, in the two enzymes were fairly similar to each other. However, those of threonine, proline, methionine, leucine, tyrosine, arginine, and tryptophan differed distinctly between the two enzymes.
Optimal pH
The enzyme of Pseudomonas sp. FK-8-2
showed the maximal activity for catechol at pH 8.0.
pH-Stab ility
The enzyme was incubated in buffers containing 5% (v/v) acetone of pH 4.0 to 10.5 at 4°C for 24hr, and then remaining activity was assayed. This enzymewas stable from pH 6.0 to 7.0. Thermostability The enzymatic activity was not decreased by heating at 70°C for lOmin in the presence of 5% (v/v) acetone. When it was heated at 75°C for lO min, its remaining activity was 40% that of the intact enzyme. The activity was lost by heating at 85°C for lOmin.
Inhibition
The effects of metal salts and chelating and sulfhydryl agents on the activity of this enzyme were tested. Table IV shows that the activity was inhibited by AgNO3 and HgCl2. Although The enzymatic activity was not influenced by a,a'-dipyridyl (0.1 him), Tiron (0.1 him), EDTA (0.1, 1 him), or N-ethylmaleimide (0.1, 1 mM). it was also inhibited by CuSO4, it was not inhibited by chelating or sulfhydryl agents such as tf-phenanthroline and 7V-ethylmaleimide.2O) On the other hand, the catechol 2,3-dioxygenase ofP. putida mt-2 has been reported to be inactivated by chelating agents and an excess of sulfhydryl agents.7)
Substrate specificity
The Km for catechol of the enzyme was 1.9 fiM. This enzyme showed high activities for the extradiol cleavage of 3-and 4-methylcatechol (Table V) . However, low activities of the enzymefor 3-and 4-halogeno-catechols were 1287 observed. The enzyme also oxidized pyrogallol; it did not catalyze the oxidation of protocatechuic acid.
Discussion
In this work we found that aniline was a inducer of the catechol 2,3-dioxygenase of Pseudomonas sp. FK-8-2; catechol was not the inducer of the enzyme. In Pseudomonas putida MT20, capable of degrading toluene and xylene, the catechol 2,3-dioxygenase coded on the TOL20-plasmid has been reported to be induced by these substrates and their metabolic intermediates to catechol.21} However, catechol is not a inducer of this dioxygenase as well as that of Pseudomonas sp. FK-8-2. It is supposed that in Pseudomonas sp. FK-8-2 the catechol 2,3-dioxygenase, one of early enzymes for the degradation ofaniline, was also induced by aniline itself; thus during growth on aniline it is fully induced and will rapidly metabolize the catechol formed. Polypepton was not the inducer of this enzyme, but promoted its induction by aniline in the organism. Because of the promotive effect of Polypepton on the enzyme induction, the addition of Polypepton to the aniline mediummadethe lag period for growth on aniline shorter, and probably increased the total and specific activities of the catechol 2,3-dioxygenase in Pseudomonas sp.
FK-8-2 (Fig. 1) . The mechanism of the enzyme induction by aniline and its promotion by
Polypepton needs further investigation in this bacterium.
We could obtain the purified catechol 2,3-dioxygenase from the cell-free extract of aniline-assimilating Pseudomonas sp. The final preparation of this enzyme retained the specific activity of 13.7 unit/mg (Table I) ; its value was muchsmaller than that of the enzyme ofP. putida mt-2 grown on benzoate.6) Nakai et al. 22) have reported that the specific activity of the catechol 2,3-dioxygenase of P. putida mt-2 depends on the content of iron in the molecule of this enzyme, and that the fully active preparation contains 4g atoms of iron per mole ofenzyme, which is composedoffour identical subunits. Weobserved one gram atom of iron per mole of the enzyme of Pseudomonas sp. FK-8-2 (data, not shown), although this dioxygenase is a tetramer of subunits, as well.
However, the enzyme of P. putida mt-2 containing one gramatom of iron per mole of enzymehave been reported to show the specific activity of about 100 units/mg. We could not prepare the enzymeof Pseudomonassp. FK-8-2 with more than 1 3.7 units/mg, when the enzyme was incubated with dithioerythritol and ferrous iron.16) In addition, this strain was cultivated in the aniline mediumcontaining Polypepton and meat extract, which brought the high specific activity to the catechol 2,3-dioxygenase in cells of benzoate-grown P. putida mt-2,22) nevertheless, we failed in obtaining the cell-free preparation with higher specific activity than that from the cells cultured in the aniline medium containing Polypepton alone. For these reasons, the catechol 2,3-dioxygenase of aniline-assimilating Pseudomonas sp. FK-8-2 seems to have an inherently lower specific activity than that of benzoate-assimilating P. The catechol 2,3-dioxygenases of Pseudomonas sp. FK-8-2 and P. putida mt-2 differed distinctly in the amounts ofthereonine, proline, methionine, leucine, tyrosine, arginine, and tryptophan, although the compositions of other amino acid residues, such as hydrophobic amino acids except leucine, were fairly similar to each other. The optimal pH of the enzyme of Pseudomonas sp. FK-8-2 was 8.0. On the other hand, that of the enzyme of P. putida mt-2 was 6.5.20) In addition, the enzymes of the two bacteria differed in substrate specificity: the enzyme of Pseudomonas sp. FK-8-2 had higher extradiol cleavage activity for 3-methylcatechol than 4-methylcatechol, but that of P. putida mt-2 has been reported to have 
